Alzheimer's disease is cytopathologically characterized by loss of synapses and neurons, neuritic amyloid plaques consisting of ␤-amyloid (A␤) peptides, and neurofibrillary tangles consisting of hyperphosphorylated tau protein in susceptible brain regions. A␤, which triggers a cascade of pathogenic events including tau phosphorylation and neuronal excitotoxicity, is proteolytically derived from ␤-amyloid precursor protein (APP); the pathological and physiological functions of APP, however, remain undefined. Here we demonstrate that the level of tau phosphorylation in cells and brains deficient in APP is significantly higher than that in wild-type controls, resulting from activation of cyclin-dependent kinase 5 (CDK5) but not glycogen synthase kinase 3, the two major tau kinases. In addition, we show that overexpression of APP or its non-amyloidogenic homolog amyloid precursor-like protein 1 suppresses both basal and stress-induced CDK5 activation. The ectodomain of APP, sAPP␣, is responsible for inhibiting CDK5 activation. Furthermore, neurons derived from APP-deficient mice exhibit reduced metabolism and survival rates and are more susceptible to excitotoxic glutamateinduced apoptosis. These neurons also manifest significant defects in neurite outgrowth compared with neurons from the wild-type littermates. The observed neuronal excitotoxicity/apoptosis is mediated through a mechanism involving CDK5 activation. Our study defines a novel neuroprotective function for APP in preventing tau hyperphosphorylation via suppressing overactivation of CDK5. We suggest that CDK5 activation, through a calcium/calpain/p25 pathway, plays a key role in neuronal excitotoxicity and represents an underlying mechanism for the physiological functions of APP.
Introduction
The amyloidogenic peptides (A␤) deposited in neurotic plaques are the proteolytic cleavage products of the amyloid precursor protein (APP) (Greenfield et al., 2000) . A␤ has been documented to trigger a cascade of pathogenic events such as calcium influx involving excitoactivation of glutamate/NMDA receptors and dystrophy of neurites, culminating in neuronal apoptosis/death (Bossy-Wetzel et al., 2004) . Multiple lines of evidence have also indicated a causal link of A␤ to neurofibrillary tangle (NFT) formation; A␤ has been shown to accelerate and augment NFT formation in tau transgenic mouse models (Gotz et al., 2001; Lewis et al., 2001; Oddo et al., 2003 Oddo et al., , 2004 . All of these findings strongly suggest a functional interaction between the A␤ and tau pathways. Because of the primacy of APP as the exclusive source of the A␤ and the initial genetic evidence causally linking aberrant A␤ production to familial Alzheimer's disease (AD), APP has remained at the center of AD research. The physiological functions of APP, however, are obscure; several neuritogenic roles, such as neuritic outgrowth/development, neuronal plasticity, and synaptive and neuroprotective functions, have been suggested (Mucke et al., 1996; Mattson, 1997; Neve et al., 2000; Koo, 2002) .
Recently, cyclin-dependent kinase 5 (CDK5) has been implicated in AD pathogenesis (Cruz and Tsai, 2004) . Despite its ubiquitous expression, CDK5 activity is almost exclusively restricted to postmitotic neurons because of the neuron-specific expression of its regulators p35/p39. CDK5 activity is critical to neurodevelopment because, in its absence, neuronal migration and axonal pathfinding are deranged (Ohshima et al., 1999) . Deregulated (excessive and mislocalized) CDK5 activity appears to be detrimental to neuronal functions. During neuronal insult and subsequent disruption of calcium homeostasis, conversion of inactive p35 to active p25 is mediated via proteolytic cleavage by the calcium-regulated calpain. The activated CDK5 has been shown to promote phosphorylation of tau at AD-specific epitopes, a prerequisite of paired helical filament (PHF) formation (Lee et al., 2000; Cruz et al., 2003; Noble et al., 2003) . A role of CDK5 in neuronal death is also emerging (Town et al., 2002; Gamblin et al., 2003; Guo, 2003; Lee and Tsai, 2003) , but evidence for a direct role is lacking.
In the current study, we investigate the physiological functions of APP in the context of kinase activation/phosphorylation of tau and neuronal survival/death in a mouse model deficient in APP. We demonstrate a novel function of APP in inhibiting tau phosphorylation (tau-P) by preventing CDK5 activation under basal and stress conditions. We further demonstrate that the activated CDK5 and elevated tau-P, resulting from increased intracellular calcium via glutamate/NMDA receptor pathways, are responsible for reduced survival rates and increased susceptibility to glutamate-induced cell death in APP-deficient neurons. Furthermore, cultured neurons from APP-deficient mice exhibit significant defects in neuritic outgrowth compared with their littermates, an effect primarily attributed to the lack of the neurotrophic factor, soluble sAPP␣. These findings reveal a novel excitoprotective role of APP with significant pathophysiological relevance and delineate a mechanism/pathway for neuronal apoptosis and AD pathogenesis involving APP, CDK5 activation, and excitotoxicity. , , and actin (sc-1615) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). The phospho-specific tau antibodies AT-8, AT-100, AT-180, and AT-270 were purchased from Innogenetics (Ghent, Belgium); PHF-1 was a kind gift from Dr. Peter Davies (Albert Einstein College of Medicine, New York, NY). Rabbit polyclonal "369" that recognizes the C-terminal region of APP was raised by our laboratory (Xu et al., 1998) . Mouse monoclonal antibodies 4G8 and 6E10 against A␤ were purchased from Signet Laboratories (Dedlam, MA); 22C11 against soluble APP was from Chemicon (Temecula, CA). Monoclonal antibodies against glycogen synthase kinase 3␤ (GSK3␤) and ␥-adaptin were from BD Transduction Laboratories (San Jose, CA), and rabbit anti-Ser-9 (GSK3␤) antibody was from Cell Signaling Technology (Beverly, MA). Histone H1 protein complex was from Roche Pharmaceuticals (Nutley, NJ). Alexa 488-conjugated anti-mouse IgG and Alexa-594-conjugated anti-rabbit IgG were from Invitrogen (Carlsbad, CA). Glutamate, NMDA, butyric acid (BA), LiCl, propidium iodide (PI), 4Ј,6Ј-diamidino-2-phenylindole/Hoechst, poly-D-lysine (molecular weight, ϳ90 kDa; catalog #P0899), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide (MTT), and lactate dehydrogenase (LDH) kits were obtained from Sigma (St. Louis, MO). Terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUNEL)/cell death detection kit and fluorescein were from Roche Diagnostics (Indianapolis, IN). The chemical inhibitors, including the three calpain inhibitors (calpain inhibitor I/N-acetyl-Leu-Leu-norleucinal, calpastatin/CS peptide, and PD150606), verapamil and roscovitine were purchased from Calbiochem/EMD Biosciences (San Diego, CA).
Materials and Methods
Cell cultures. Mouse neuroblastoma N2a cells and their derivative clones stably expressing human APP695, APPSwe, or APP C-terminal fragment (CTF) C99 were maintained in medium containing 50% DMEM and 50% Opti-MEM, supplemented with 5% FBS and penicillin/ streptomycin. G418 (250 g/ml; Invitrogen) was used in medium for N2a-derived stable cell lines.
Small interfering RNA-mediated APP gene silencing. A 21-mer RNA duplex corresponding to human APP695 open-reading frame 200 -220 (5Ј-AAGGCAUCCUGCAGUAUUGCC-3Ј) (Dharmacon Research, Lafayette, CO) was transfected into N2a cells following the instructions of the manufacturer. Medium was changed on the second day, and APP protein expression was analyzed by Western blot 3 and 5 d after transfection.
Glutamate/H 2 O 2 and butyric acid treatments. To induce cytomegalovirus (CMV) promoter-driven APP transgene expression in N2a stable cell lines, 5 mM BA was added to the culture medium for 12 or 24 h. N2a cells were also challenged with various neurotoxic agents, including excitotoxic amino acid glutamate (at 0.1 and 1 mM) and H 2 O 2 at 0.5 mM for 5 h before CDK5 assays.
CDK5 and GSK3␤ kinase assays. Cells and brain tissues were lysed in kinase extraction buffer (150 mM NaCl, 20 mM Tris, pH7.4, 1 mM EDTA, 5 mM DTT, 0.5% NP-40, 50 mM NaF, 5 mM Na 3 VO 4 , and a mixture of protease inhibitors) for 10 min on ice, and lysates were cleared by centrifugation. CDK5 protein was immunoprecipitated from the cell extracts containing 300 g of soluble proteins or the brain extracts containing 200 g of soluble proteins, using anti-CDK5 antibody-coupled agarose beads (Santa Cruz Biotechnology). The CDK5 kinase reaction was performed in 25 l of kinase reaction buffer containing 50 mM HEPES 7.4, 10 mM MgCl 2 , 1 mM DTT, 0.5 mM ATP, 5 g of histone-H1, and 0.5 Ci of [␥-32 P]ATP at 30°C for 15 min. Reactions were terminated by transferring the tubes to ice for 5 min, followed by addition of 5 l of SDS sample loading buffer (6ϫ). The samples were boiled and electrophoresed using 12% SDS-PAGE, followed by autoradiography. Results were quantified using a Molecular Dynamics (Sunnyvale, CA) PhosphoImager. For GSK3␤ kinase assays, cell lysates were similarly prepared, and the assay was performed in 50 l of kinase reaction buffer containing 50 mM HEPES 7.4, 10 mM MgCl 2 , 1 mM DTT, 0.25 mg/ml BSA, 0.2 mM ATP, and 0.2 mM cAMP response element-binding protein (CREB) peptide (New England Biolabs, Beverly, MA) plus 0.5 Ci of [␥- 32 P]ATP at 30°C for 15 min. Kinase reactions were quenched by transferring the tubes onto ice for 10 min. Phosphorylation of CREB peptide substrate by GSK3 kinase was determined by dotting the reaction mixture solution onto P81 Whatman (Clifton, NJ) filter discs. After complete absorption of the reaction mixture, filter discs were washed three times in 75 mM phosphoric acid for 10 min, completely dried at 80°C, and counted in a scintillating counter. GSK3␤ kinase activity was confirmed by Western blot analysis of phospho-Ser 9 (1:500; Cell Signaling Technology), a negative regulatory site that inversely correlates with the kinase activity.
Immunoprecipitation and Western blot analysis. Assays were performed using standard procedures as described previously (Xu et al., 1998) .
Immunohistochemistry and immunocytochemistry. Mouse brains were soaked in 30% sucrose solution overnight before mounting with OKT cryostat medium (Fisher Scientific, Pittsburgh, PA) on dry ice and sliced into 15 m sections on a cryostat. Sections were fixed with 4% paraformaldehyde at room temperature for 15 min and permeabilized in 0.25% NP-40/PBS solution for 10 min on ice. After washes in PBS, specimens were blocked with PBS solution containing 3% BSA, 3% fetal calf serum, and 3% goat serum at room temperatures for 30 min in a humid chamber. Primary antibodies diluted in the blocking buffer were applied to the specimens and incubated for 1 h at room temperature. After extensive washes, Alexa 488-conjugated anti-mouse secondary antibody (1:200 dilution), combined with propidium iodide (0.5 g/ml), were applied and incubated for 1 h at room temperature. Slides were mounted in Fluoromount medium, and immunofluorescent signals were observed under confocal microscopy (LSM510; Zeiss, Oberkochen, Germany). For immunocytochemistry of tau-P, cells were fixed and permeabilized, followed by addition of primary antibodies (against specific tau-P epitopes at 1:500 dilution) and the corresponding secondary antibodies. Fluorescent images were captured using an Olympus Optical (Tokyo, Japan) (1x71) microscope at 100ϫ oil immersion objective.
Primary neuronal cultures from APP knock-out and wild-type mice. Sufficient numbers of mice with littermate controls were obtained by using the mating strategies as described previously (Zheng et al., 1995) . In particular, heterozygotes of APP mice were crossbred to generate littermates containing one of the three genotypes (APP ϩ/ϩ , APP ϩ/Ϫ , and APP Ϫ/Ϫ ), which were genotyped by PCR amplification of genomic DNA isolated from mouse tails using primers specific for mouse APP [P1, 5Ј-CTG CTG CAG GTG GCT CTG CA-3Ј; P2, 5Ј-CAG CTC TAT ACA AGC AAA CAA G-3Ј]. Primary neuronal cultures from postnatal day 0 (P0) mice were prepared as described previously (Cai et al., 2003) . In brief, hippocampal and cerebral cortical tissues were removed and di-gested with 0.125% trypsin solution for 30 min. The resulting dissociated cells were plated in DMEM containing 5% FBS for 2-3 h and switched to serum-free Neurobasal medium (Invitrogen), supplemented with B27 and 0.5 mM glutamine, and cultured for more than 2 weeks at 37°C with 5% CO 2 . In some experiments, purified sAPP␣ (5 nM) or roscovitine (20 M) was added in neuronal cultures from day 1 and replenished every 3 d throughout the 2-3 week period.
Assessment of cell survival and mitochondria activity. Isolated primary neurons were plated onto coverslips precoated with poly-D-lysine (100 g/ml) at a density of 75,000 per well in 24-well plates. MTT and LDH assays were performed according to the procedures recommended by the manufacturers.
Excitotoxicity assays: glutamate/NMDA-induced neuronal cell death. Primary hippocampal neurons were isolated and purified from embryonic day 17 (E17) embryos of Sprague Dawley rats as described previously (Xu et al., 1998) , resulting in Ͼ95% neuronal purity as confirmed by staining with neuronal marker proteins neuronal-specific nuclear protein/microtubule-associated protein-2 (MAP-2) (Sigma). The cultures were maintained in serum-free Neurobasal medium for 2 weeks to allow development of glutamate receptors before being challenged with glutamate (1 mM, 30 min) or NMDA (300 M, 15 min) in Mg 2ϩ -free Eagle's balanced salt solution (EBSS) containing 1.8 mM CaCl 2 and 500 M glycine. After NMDA exposure, cells were gently washed with EBSS/ 1.8 mM CalCl 2 and 1.2 mM MgCl 2 and returned to the original culture medium for an additional 16 -24 h at 37°C with 5% CO 2 before being assessed for cell death. Various inhibitors, including three calpain inhibitors, roscovitine, and LiCl were added 30 min before, during, and after the NMDA exposure.
After treatment with cell death-inducing or blocking agents, cell death was assessed at various time points for necrosis and apoptosis. Necrosis was assessed by staining with a membrane-impermeable DNA-binding dye PI (0.5 g/ml, 5 min) on live cells. Cells were then fixed and permeabilized with 4% paraformaldehyde/PBS for 20 min at room temperature and 0.2% Triton X-100/PBS for 5 min on ice. Apoptotic neurons were identified by TUNEL colabeled with a neuron-specific marker (MAP-2), followed by counterstaining with membrane-permeable DAPI (0.1 g/ ml, 5 min). In addition to TUNEL, apoptosis was assessed by condensed morphological changes of nuclei. In most experiments, cell survival was also assessed by trypan blue exclusion. A total of 400 -500 neuronal cells were counted in 10 randomized fields.
Statistical analysis. Data are presented as mean Ϯ SEM. For statistical comparison, the Student's t test was used. p values smaller than 0.05 were considered to be statistically significant.
Results

APP knock-out mice exhibit increased tau phosphorylation
To study the possible role of APP in regulating phosphorylation of the microtubule binding protein tau, we first compared the profile of tau phosphorylation in the brains of APP knock-out (KO) and wild-type (WT) littermate mice using twodimensional PAGE analysis to separate phosphorylated tau species. In APP KO brains from 4-month-old animals, a marked increase in negatively charged tau species representing hyperphosphorylated forms accompanied a decrease in tau species representing lower degrees of phosphorylation ( Fig. 1 A) . Similar patterns of increased hyperphosphorylated tau species were observed in the brains of APP KO mice at various ages (2, 6, 9, and 12 months of age; data not shown).
To further dissect the sites of tau phosphorylation, we used several phospho-tau antibodies to detect site-specific tau phosphorylation. In APP KO brains, tau phosphorylation at several sites known to be prominent in PHF were all increased, as evidenced by Western blot analysis using the phospho-specific antibodies PHF-1, AT-8, AT100, and AT-180, which recognize phosphorylation sites Ser-404, Ser-202/Thr205, Thr-212/Ser-214, and Thr-231, respectively (Fig. 1 B) . In contrast, no significant increase in tau phosphorylation at Thr-175 or Thr-181 (potential mitogen-activated protein kinase sites; recognized by antibody AT270) was observed in APP KO samples (data not shown). Total tau protein from soluble extracts of mouse brain was unchanged between APP KO and WT samples, as shown with antibody H-150, which recognizes a region common to all tau isoforms.
Elevated tau phosphorylation in APP KO mouse brain was further substantiated by immunohistochemistry using the same panel of phospho-specific antibodies. Consistent with the biochemical data, APP KO brains exhibited more intensive antiphospho-tau staining for each phosphorylation-specific epitope compared with WT control brains (Fig. 1C) . In particular, AT-100 antibody decorated thin fiber-like structures, which appeared to be distinct from cell nuclei and likely associated with the cytoskeleton in neuronal processes. In contrast, AT-180 epitopes mostly associated with cell nuclei and appeared to be enriched in the cell body. Additionally, many cells stained positive for AT-8 antibody (arrows). AT-270, as shown by biochemical evidence, was not changed in APP KO mouse brains. This differential distribution of various phospho-tau epitopes likely reflects different stages of tau filament formation as well as variable localization of the kinases that phosphorylate them.
Because the increased tau phosphorylation corresponded to the putative sites for CDK5 and GSK3␤ kinases (Buee et al., 2000; Iqbal et al., 2005) , we examined the activity for these two major kinases. In vitro kinase assays for CDK5 and GSK3␤ were performed on mouse brain homogenates. Although the total protein levels of the kinases were similar (Fig. 1 B) , the brain CDK5 activity was significantly (Ͼ60%) higher in APP KO mice at 4 months of age (Fig. 1 D) compared with APP WT littermate control mice. However, little difference in GSK3␤ activity was observed between these mice (Fig. 1 D) . GSK3␤ activity was also assessed by Western blot analysis of phosphorylation at the Ser-9 site and found unchanged in APP KO mice (data not shown). These results also suggested that CDK5 is likely responsible for the elevated tau-P in APP KO brains.
APP levels inversely correlate with CDK5 activity
We next determined the relationship between APP dosage and CDK5 activity. First, we quantified the levels of APP expression and CDK5 activity in brain extracts isolated from mouse progenies of APP heterozygote parents; the littermates displayed one of three genotypes:
We observed an inverse correlation between APP and CDK5 activity (Fig. 2 A) , which was further corroborated in mouse neuroblastoma N2a cells by downregulation of APP with small interfering RNA (siRNA). At a concentration of 5 nM, transfection of APP siRNA duplex resulted in a 30% inhibition of APP expression 3 d after transfection and a 45% decrease 5 d after transfection compared with random siRNA transfection. CDK5 activity was increased by ϳ20 and ϳ50% after 3 and 5 d of transfection with APP siRNA, respectively (Fig. 2 B) . APP siRNA specifically inhibited APP gene expression without affecting actin expression. Concentrations of APP siRNA above 10 nM resulted in significant cytotoxicity and therefore were not tested further.
Having demonstrated a significant increase in CDK5 activity with reduced APP levels, we postulated that overexpression of APP may suppress CDK5 activity. To test this idea, we expressed high levels of APP in N2a cells stably transfected with the Swedish mutant form of human APP695 or WT. The level of APP was threefold greater in WT APP or mutant APP transfectants than in the nontransfected parental cells. Compared with the parental line, N2a cells overexpressing either WT APP695 or the Swedish variant possessed significantly (ϳ50%) lower basal CDK5 activity, regardless of the higher levels of A␤ in the two transfectants (Fig. 2C) . These data further support the inverse relationship between APP level and CDK5 activity.
Because the exogenous human APP constructs are under the control of CMV promoter whose expression can be induced by a low concentration of butyric acid, we pretreated N2a cells overexpressing the Swedish APP with butyric acid for 12 or 24 h. CDK5 activity increased after the treatment, concomitantly with increased APP and A␤ levels (Fig. 2C) . It has been shown previously that A␤ can stimulate CDK5 activity, which may mediate in part the neurotoxic effects of A␤ (Cruz and Tsai, 2004; Esposito et A, Two-dimensional PAGE analysis for determination of tau phosphorylation. One hundred micrograms of protein were used for the two-dimensional gel analysis. The first-dimension consisted of isoelectric focusing on a Protean IEF (Bio-Rad, Hercules, CA) (with a pH range of 3-10) cell, and the second-dimension consisted of SDS-PAGE separation using a precast criterion 4 -15% gradient gel. B, Alteration of tau phosphorylation at various amino acid sites in APP KO brains. Brain homogenates were subjected to immunoprecipitation using H-150 antibody, which recognizes total tau protein, followed by Western blot analysis for total tau (using H-150 antibody) and for phosphorylated tau species using phospho-tau-specific antibodies AT-8, AT-100, PHF-1, and AT-180. Western blot assays for full-length APP (using antibody 369), CDK5, GSK3␤, and actin were performed. C, Confocal microscopic study of different phospho-tau isoforms in the cortical regions of APP KO and APP WT mice. Frozen brain sections from wild-type mice (left) and APP KO mice (right) were probed with phospho-tau-specific antibodies AT-8, AT-100, AT-180, and trans-Golgi network marker protein ␥-adaptin, followed by fluorescein-coupled secondary antibody (green). Cell nuclei were stained with propidium iodide (red). D, Tau kinase activity in APP KO and WT mouse brains. CDK5 activity was assayed by examining in vitro phosphorylation of histone-H1 protein as substrate in the presence of [␥- 32 P]ATP, followed by SDS-PAGE and autoradiography. GSK-3␤ activity was measured by in vitro phosphorylation of CREB peptide with GSK3␤ immunoprecipitates, followed by scintillation counting using a ␤-counter. Data represent mean Ϯ SD; n ϭ 4. *p Ͻ 0.005 versus WT control. al., 2004; Liu et al., 2004) . However, CDK5 activity failed to increase further after 24 h of butyric acid treatment, whereas the level of A␤ (and APP) continued to rise. Together, our data indicate that CDK5 activity is inversely related to the level of APP expression, and APP may counteract A␤-induced CDK5 activation. Furthermore, the potential neuroprotective effects of APP may be separated from the potential neurotoxic effects of A␤.
APP suppresses stress-mediated CDK5 activation
Next, we studied the molecular mechanisms/pathways underlying the modulatory role of APP on CDK5 activation and found they could be readily dissected in cell-based models. Because the p35 to p25 conversion in primary neuronal cultures occurs in the presence of various neuronal insults, such as excitotoxic glutamate, hydrogen superoxide H 2 O 2 , or A␤ peptides (Cruz and Tsai, 2004) , we speculated that CDK5 activation represents a common mechanism for neurons in response to these stress-inducing agents. We thus treated the N2a cell lines that we had created with stress-inducing agents (1 mM glutamate or 0.5 mM H 2 O 2 ) and found that CDK5 activity was stimulated by 48 or 29%, respectively, when normalized to the total CDK5 level (Fig. 3) . Consistent with the protective role of APP, elevated CDK5 activity was less apparent when higher levels of APP were present in N2a695 cells.
Additionally, we found that increased CDK5 activity was mediated by intracellular calcium and calpain, because the L-type calcium channel inhibitor verapamil (100 nM) or various calpain inhibitors (50 nM capthesin/CS peptide, 10 M calpain inhibitor I/N-acetyl-Leu-Leu-norleucinal, or 10 M PD150606) completely abolished stress-induced increases in CDK5 activation, whereas 5 mM LiCl (a dose that specifically inhibits GSK3␤ Ͼ GSK3␣) showed no effect (data not shown).
Soluble APP is sufficient to suppress stress-induced CDK5 activation
We then examined whether the suppressive effect of APP on stress-induced CDK5 activity could be attributed to the soluble secreted form sAPP␣. We first established in N2a cells that transiently expressed human APP695, as in stably transfected N2a695 cells, was able to prevent CDK5 activation during glutamate exposure. We then transiently expressed different APP fragments to assess the domain(s) required for the suppressive effect of APP. Overexpression of sAPP␣ or amyloid precursors-like protein 1 (APLP1), a non-amyloidogenic homolog of APP, dramatically suppressed glutamate-induced CDK5 activation. In contrast, APP C-terminus C99, a product of ␤-cleavage, failed to show any suppressive effect on CDK5 activation (Fig. 4 A) . Expression of each APP fragment was under the control of the same plasmid system as APP695, yielding similar levels of transgene products. The ability of APLP that lacks the amyloid sequence to suppress CDK5 activation further supported the protective effect of APP in contrast to A␤. The ability of sAPP␣ to suppress CDK5 activation was further confirmed using purified sAPP␣. In a separate set of experiments, cell culture supernatants collected from confluent CDK5 activity was measured, and the levels of APP and actin were analyzed by Western blot. Actin was used for normalization of protein loading. Data represent mean Ϯ SD; n ϭ 3; *p Ͻ 0.01 compared with control siRNA. C, Distinct effects of APP and A␤ on CDK5 activity. Parental N2a cells, N2a cells stably expressing wild-type human APP 695, or the Swedish mutant form of APP 695 were incubated in the absence or presence of 5 mM butyric acid for 12 or 24 h, as indicated, to induce APP expression. APP, CDK5 activity, and CDK5 protein were assayed as described above. A␤ was determined by immunoprecipitation of cultured media with 4G8 antibody, followed by Western blotting using 6E10 antibody (Xu et al., 1998) . Levels of APP, A␤, and CDK5 activity were quantified and normalized to that of parental N2a cells [defined as 1 arbitrary unit (A.U.)]. Data represent mean Ϯ SD; n ϭ 3; *p Ͻ 0.05 compared with N2a parental cells. were treated with stress-inducing agents, 1 mM glutamate, or 0.5 mM H 2 O 2 for 5 h before being subjected to CDK5 kinase assays. B, CDK5 kinase activity was quantified and normalized to that of untreated controls. Data represent mean Ϯ SD; n ϭ 3. *p Ͻ 0.02, **p Ͻ 0.05 versus the control. Cont., Control, Glu, glutamate; A.U., arbitrary units.
N2a cells overexpressing APP695 were used as a source of sAPP␣ after depleting A␤ and APP CTFs using antibodies 4G8 and 369. The purified sAPP␣ at 10 nM prevented glutamate-induced CDK5 activation by Ͼ50% in N2a cells stably expressing C99 (which can also produce A␤) (Fig. 4 B) , whereas 5 nM sAPP␣ completely suppressed CDK5 activation in the parental N2a cells without A␤ overproduction (data not shown).
APP KO neurons are associated with reduced survival, increased apoptosis, and impaired neurite outgrowth
The observation that APP KO mice exhibit mild motor dysfunction and brain gliosis (Zheng et al., 1995) is consistent with the proposed physiological roles of APP in neuron development. Studies of the physiological function of APP in cultured primary neurons have been inconsistent and controversial (Perez et al., 1997; Harper et al., 1998; White et al., 1998 White et al., , 1999 Heber et al., 2000; Herms et al., 2004) . Our data described above demonstrating differential responses to excitotoxic and oxidative insults between mouse brains or cells expressing various levels of APP, in the context of tau phosphorylation and CDK5 activation, suggest an excitoprotective role of APP. We therefore further examined the survival, apoptotic susceptibility, and neurite outgrowth in neurons lacking APP in response to excitotoxic insults. We cultured both hippocampal and cerebral cortical neurons from APP KO and littermate control animals within 24 h of birth (P0). We observed no defects in cell attachment in APP KO neurons, and similar neuronal cell densities were achieved after 2 d in culture for APP KO and WT neurons. However, the APP KO cells exhibited much lower survival rates, as assessed by MTT and LDH assays. The basal MTT/cell survival was significantly lower in APP KO cells examined 14 d after culture (Fig. 5A) , and APP KO neurons were more susceptible to glutamate exposure compared with the WT controls, which was primarily restored by exogenously added sAPP␣. The sensitivity of neuronal cells to glutamate/NMDA usually increases with the number of days in culture because of expression of the full-spectrum of NMDA-type receptors and channels on the cell surface . To ensure maximum sensitivity to NMDA receptor-dependent responses, all excitoactivity-related experiments were conducted in primary neurons cultured for at least 2 weeks.
Significantly increased LDH release was found to be associated with APP KO neurons, accompanied by dramatically increased apoptosis: ϳ35-40% of APP KO neurons died after 2 weeks in cultures, most likely via an apoptotic mechanism as evidenced by condensed nuclei (Fig. 5B, insets) . Glutamate exposure (1 mM for 24 h) reduced the cell viability to Ͻ20% in APP KO neurons compared with ϳ50% in WT neurons. As determined by morphological examination, the surviving APP KO neurons also displayed defects in neurite outgrowth and branching; both the number and length of dendrites were reduced by twofold to threefold (Fig. 5C) . Similar results were obtained with neurons isolated from E17 stage embryos. Similar to its effects on preventing CDK5 activation, soluble sAPP␣ rescued these defects to a large extent (Fig. 5C ), confirming its neurotrophic and neuroprotective effects. In parallel, addition of the CDK5 inhibitor roscovitine (20 M) resulted in a slight but significant (Ͼ20%) increase in the mitochondria activity/survival rate as well as neuritic outgrowth on APP KO neurons during glutamate treatment (data not shown), suggesting that CDK5 is directly involved in the reduced neuronal survival and neuritic outgrowth.
Calpain/p25/CDK5 is a major determinant in excitotoxicity Our findings, along with others, indicate that CDK5 is one of the key mediators regulating both amyloidogenesis and formation of tau/NFTs (Otth et al., 2002; Town et al., 2002; Lee and Tsai, 2003) . Therefore, we studied the role of CDK5 in neuronal cell death in the context of excitotoxicity. Although the detailed molecular mechanisms remain to be fully defined, increased calcium influx, mediated by overactivation of glutamate receptors, is known to be a major culprit triggering the excitotoxic cell death cascade. We hence used a commonly used experimental model of delayed neuronal death involving overactivation of glutamate receptors. Exposure of rat hippocampal or cerebral cortical neurons to the selective glutamate receptor agonist NMDA, dependent on time and concentration, induced both necrosis and apoptosis, the two major forms of neuronal death in both acute and chronic pathological conditions such as ischemic brain trauma after stroke and chronic brain injury in many neurodegenerative diseases, including AD (Lipton and Rosenberg, 1994; Ankarcrona et al., 1995; Nicotera et al., 1997; Yuan et al., 2003; Dickson, 2004; Prunell and Troy, 2004) . Consistent with previous reports , we found that exposure of cultured neurons with 300 M NMDA for 15 min in the presence of 500 M glycine induced early necrosis in only a small subset of cells (ϳ5%). A delayed massive apoptosis (50 -75%) became evident in neurons that survived the initial necrotic insult after a period of 4 -24 h (Fig. 6 A) .
We next addressed the question whether CDK5 activation via calpain-mediated p35 to p25 conversion is involved in neuronal excitoxicity. The following studies were conducted in the NMDA-induced cell death system. Activation of calciumactivated calpain I occurred rapidly after exposure to NMDA, which contributed to early necrosis because all three calpain inhibitors tested protected cells from necrosis when they were applied during but not after NMDA exposure (Fig. 6 B) . Similar protective effects were achieved by 5-20 M roscovitine in a dosedependent manner; within this range of low concentrations, roscovitine is known to selectively inhibit CDK5 activity but not other CDKs. Both calpain inhibitors and CDK5 inhibitor not only protected cells from early necrosis but also prevented subsequent apoptosis at least during the first 24 h after NMDA treatment. This finding suggests that calpain and p25/CDK5 are the major determinants during excitotoxic neuronal death. Inhibition of GSK3␤ kinase activity by 5 mM LiCl had no significant effect on excitotoxic cell death under our conditions. A, sAPP␣ and APLP1, but not APP ␤CTF, suppress excitotoxicity-induced CDK5 activation. CDK5 activity was assayed in N2a cells stably overexpressing vector alone, APP695, APLP1, sAPP␣, or APP ␤CTF (C99) with or without previous treatment with 1 mM glutamate. CDK5 activities were quantified and normalized to that of N2a cells expressing control vector without glutamate treatment (defined as 1 arbitrary unit). Error bars indicate SD; n ϭ 3. B, sAPP␣ is able to suppress glutamate-induced CDK5 activation in the presence of A␤-bearing C99 fragment. A total of 10 nM purified sAPP␣ protein was added to N2a/APP ␤CTF (C99) cells pretreated with 1 mM glutamate, and CDK5 activity was assayed and quantified. Data represent means Ϯ SD from three separate experiments; *p Ͻ 0.02. A.U., Arbitrary units.
CDK5 is responsible for glutamate-induced tau hyperphosphorylation in APP KO brains
Because glutamate is known to induce tau phosphorylation, which may subsequently contribute to neuronal excitotoxicity (Sindou et al., 1994) , we thus investigated whether CDK5 is responsible for glutamate-induced tau phosphorylation in cultured rat hippocampal neurons. Indeed, we observed marked increases in tau-P on several distinct phospho-epitopes using immunocytochemistry after a brief (30 min, 1 mM) glutamate exposure (Fig.  7 , left two columns), with a similar pattern as seen in brain slices of APP KO mice (Fig. 1C) . Under high-power magnification (100ϫ oil immersion objective), the details of the tau-P epitopes, including distribution and intensity, were examined and analyzed: the AT-100-positive signals decorated as thin fiber-like structures appeared to be associated with the cytoskeleton in neuronal processes. In contrast, both the AT-8-and the AT-180-positive signals were mostly associated with cell nuclei and the 4 survival of primary cortical neurons were assessed by MTT assay with and without 24 h glutamate (Glu) challenge. sAPP␣ (5 nM) was added to APP KO neurons from day 1 throughout the entire culture period (red symbols). Data represent mean Ϯ SD; n ϭ 3. B, Cell death in response to glutamate was assessed by released LDH, and apoptotic neurons were quantified by the percentage of MAP-2-positive pyknotic cells that colabeled with TUNEL and had condensed nuclei by DAPI staining 24 h after NMDA exposure. Two representative images are shown as insets: white arrowheads indicate apoptotic neurons. Numbers of neurons undergoing secondary necrosis (LDH) or apoptosis (TUNEL) were counted. Data represent mean Ϯ SEM (n ϭ 4). C, APP WT and KO neurons were grown on myelin-coated slides for 2 weeks, followed by immunostaining for MAP-2. The length of neurites was quantified from 50 MAP-2-positive cells, and the number of processes projecting from each positive cell was also quantified. Error bars indicate mean Ϯ SD; p Ͻ 0.01 compared with WT controls, from three separate experiments. cell body. AT-270 immunocytochemistry did not change during glutamate exposure (data not shown). Both roscovitine and LiCl prevented the glutamate-induced tau-P to various extents (Fig. 7 , two right columns), and they appeared to equally block the PHF-1 and AT-8 epitopes. A more dramatic effect was observed at the AT-100 epitope during CDK5 inhibition, which completely eliminated this epitope from the cell body and the processes to a level even lower than the basal. Interestingly, GSK3␤ inhibition only prevented distribution of this epitope from neuronal processes. This differentiated effect likely reflects different stages of tau filament formation and disparate localization of these two kinases. Notably, CDK5 inhibition resulted in a selective effect on the AT-180 epitope, whereas LiCl did not cause any reduction at this epitope. These findings demonstrate that CDK5 activity plays a major role in increased tau phosphorylation during excitotoxicity. The similarity in tau phosphorylation patterns between APP deficiency and glutamate stimulation also suggests that CDK5 is likely responsible for the elevated tau-P in APP KO mice.
Discussion
Since its cloning in the 1980s, APP has been the subject of unparalleled scrutiny. Besides being the substract of the ␤-and ␥-secretases that generate amyloidogenic A␤, the physiological functions of this highly abundant type-1 transmembrane protein remain elusive. Previous in vitro studies have suggested that APP may play a role in transmembrane signal transduction, calcium metabolism, and neurite outgrowth, but those studies require corroboration with in vivo evidence. Initial studies of APP KO mice did not reveal an obvious disease phenotype; however, more recent examination has revealed mild abnormalities such as impaired locomotor activity (Zheng et al., 1995) , defective corpus collosum formation, longterm potentiation, and behavior (Muller et al., 1994; Dawson et al., 1999) . Additionally, defects in synaptic density in the cortex (Magara et al., 1999; Seabrook et al., 1999) and hypersensitivity to seizures (Steinbach et al., 1998) , especially at older ages, have been observed. In the current study, we report a novel observation that deficiency in APP results in greater levels of tau phosphorylation and CDK5 kinase activity. Elevated CDK5 activity, both basal activity and activation in response to excitotoxicity through calcium/calpainmediated pathways, not only causes hyperphosphorylation of tau but also contributes to increased susceptibility to neuronal death. This is the first demonstration, to our knowledge, of a direct role of CDK5 in excitotoxicity and thus adds to a growing body of evidence supporting a causative role of CDK5 in neuronal cell death.
We chose APP KO mice in our study because we believe that this system holds great advantages over previous in vitro and in vivo experimental systems overexpressing APP from which neuritogenic/neuroprotective functions of APP were deduced. These studies yielded conflicting results (Masliah et al., 1997; Zhang et al., 1997) , partially because of the intrinsic differences among various models in terms of expression of specific forms of APP and the doses of transgenes. Moreover, the obfuscating neurotoxic effects of A␤ often overrode the protective effects of APP. This may be reflected in patients with Down's syndrome in which holoAPP is overexpressed: senile plaque densities are frequently higher in Down's syndrome patients than in AD patients; however, the developmental patterns of neurofibril- Figure 7 . Excitotoxicity induces tau phosphorylation mediated by CDK5 activation. E17 rat hippocampal neurons were pretreated with 1 mM glutamate (Glu) with or without 5 mM LiCl or roscovitine for 30 min. Phospho-epitopes on tau proteins were examined by fluorescence microscopy using PHF1, AT-8, AT-100, or AT-180 antibodies. Representative micrographs of three separate experiments were presented (100ϫ oil immersion objective). Immunofluorescence intensity of each tau-P epitope was quantified from four random fields (50 cells) and presented as fold increase over the negative control of secondary antibody alone. lary tangle formation are comparable (Hof et al., 1995) . The analogy of overexpressed APP transgenic models to Down's syndrome is therefore not compelling for AD, because there is no evidence for increased levels of APP in any forms of familial or sporadic AD. In fact, our data not only unambiguously demonstrate an inverse relationship between APP and stress-induced CDK5 activation but also corroborate a counterregulatory role of A␤ to the function of APP. Thus, both insufficient APP and excessive APP are detrimental to neurons. The ability of APLP to suppress CDK5 activity ensures a functional redundancy between APP and its homologs and may serve as a backup system for cells to provide neuroprotective functions under pathological conditions when aberrant APP processing and A␤ generation take place. The effect of APLP1, which lacks the A␤ sequence, also strongly supports the notion that the observed effects of APP on tau phosphorylation, CDK5 activation, and neuronal survival are distinct from the detrimental effects of A␤.
We speculate that the phenotype of impaired neuronal function described above for APP KO mice could be attributed to the lack of neuroprotective sAPP␣ or to the reduced exonal transport functions caused by the formation of tau-P (Koo et al., 1990; Kamal et al., 2001; Stokin et al., 2005) . Indeed, we found severely impaired neuronal maturation in APP KO mice under certain culture conditions. We used neuronal cultures derived from littermate control animals and assessed glutamate responses from neurons cultured for 2-3 weeks to allow expression of a fullspectrum of glutamate receptors on the cell surface. Our results demonstrate that the defect in APP KO neurons in culture is partially attributable to a lack of sAPP␣, consistent with previous reports (Perez et al., 1997) . In addition, given the fact that CDK5 is a major tau kinase, our results demonstrating the function of sAPP␣ in suppressing CDK5 activation under both normal and stress conditions suggest that sAPP␣ is likely responsible for downregulating tau phosphorylation.
Our data that sAPP␣ can restore stress-induced CDK5 activation suggests that the membrane-anchored form of APP is not required to inhibit CDK5 activation. The ability of exogenously added sAPP␣, but not the cytoplasmic fragment (C99), to rescue MTT activity of APP KO neurons reconciles the neurotrophic/ survival roles documented previously (Mattson, 1997) . It is presently unclear how sAPP␣ exerts these actions; both the upstream (membrane receptors) and the downstream signaling pathways underlying this protective effect are essentially undefined. Rohn et al. (2000) reported that monoclonal antibody 22C11, specific to N-terminal APP, mimics ligand (antagonist) binding and induces oxidative stress, neurite degeneration, and cell death. This finding suggests that interaction between the antibody and APP may mimic receptor cross-linking and thus disrupt signal transduction mechanisms mediated by APP. The notion that both APP and the membrane binding sites for sAPP␣ primarily reside in lipid raft microdomains (Tikkanen et al., 2002; Ehehalt et al., 2003) suggests the possibility that sAPP␣ interacts with APP through either homophilic interaction or indirectly with as yet unidentified functional ligands and thus acts in trans to transduce signals. Moreover, a synergistic mechanism has also been suggested to involve upregulation of common survival pathways (e.g., phosphatidylinositol 3-kinase/Akt) (Cheng et al., 2002) and anti-apoptotic factors (Bcl-2 and X-linked inhibitor of apoptosis protein) (our unpublished data).
How do the putative sAPP␣ receptor and second messengers impinge on CDK5? CDK5 has been suggested to play roles in both neuronal death and neuritic outgrowth, depending on its association with specific activators p35 or p25 (Cruz and Tsai, 2004) .
CDK5 is known to phosphorylate APP at Thr-668 and may affect the proteolytic cleavage of APP, yielding either soluble sAPP␤ and A␤ or sAPP␣ (Oishi et al., 1997; Liu et al., 2003) . The soluble sAPP fragments and the corresponding CTFs may interact with putative receptors and transduce signals to regulate neuronal activities. Additionally, a CDK5-dependent signaling cascade has been implicated in calcium-mediated cell death (Weishaupt et al., 2003) . A broad spectrum of intracellular apoptosis-related substrates have been reported for CDK5 including (1) p53, which activates Bax and initiates the apoptotic cascade involving cytochrome c/apoptosis proteases-activating factor-1/caspase-9, (2) NMDA receptors that increase calcium influx/calpain activation/ p35-p25 conversion to prolonged activated CDK5, and (3) the nuclear transcription factor myocyte enhancer factor-2, which inhibits action of this prosurvival factor. Therefore, deregulation of CDK5 activity exacerbates neuronal death not only by enhancing cell death pathways but also by impairing prosurvival signaling (Cheung and Ip, 2004) . Furthermore, CDK5 was also recently found to affect calcium transfer from the endoplasmic reticulum to mitochondria during C2-ceramide-induced neuronal cell death (Darios et al., 2005) . Mutation of the CDK5 phosphorylation site Thr-231 (AT-180 epitope) prevented ceramide-induced release of tau from microtubules, organelle clustering, increased mitochondrial calcium levels, and neuronal death, indicating that the neurotoxic calcium transfer is regulated by CDK5-dependent tau phosphorylation. The involvement of tau binding to microtubules in organelle trafficking has also been demonstrated in several non-neuronal systems (Rizzuto et al., 1998; Wang et al., 2000; Stamer et al., 2002) . We found in our excitotoxic cell death model that CDK5 selectively phosphorylates Thr-231, the AT-180 epitope (Fig. 7) , and activates neuronal cell death pathways upstream of mitochondrial dysfunction (our unpublished data), suggesting a similar mechanism between nonneuronal cells (Weishaupt et al., 2003) and neurons during the excitoresponse. Blocking CDK5 activity may thus promote functional rescue from chronic neuronal injuries.
Whether CDK5 activation occurs during conversion of p35 to p25 or with increased p25 in brains of AD patients is still controversial (Tandon et al., 2003) . However, evidence from transgenic mouse models overexpressing p25 has been convincing and consistently demonstrates a causative effect of p25/CDK5 in hyperphosphorylation of tau (Ahlijanian et al., 2000; Cruz et al., 2003; Noble et al., 2003) . Additionally, aggregation of phosphorylated tau has been implicated recently in neuronal cell death (Delobel et al., 2004) . Although our study demonstrates a parallel increase in CDK5-mediated tau phosphorylation and excitotoxicity in the absence of APP, it also suggests a possible link between tau phosphorylation and neuronal loss. Our observation, which would predict more severe tau pathology in the absence of APP, seemingly contradicts the lack of severe NTF and neuronal loss in APP KO mice. This discrepancy may be attributable to intrinsic differences between mouse and human isoforms of tau, with mouse tau being less prone to NFT/apoptosis. This proposition may also explain why all of the available mouse models overexpressing human FTDP (frontotemporal dementia and parkinsonism) mutant tau in the presence of the endogenous mouse tau isoforms have failed to recapitulate AD-like neuronal loss.
CDK5 inhibitors have been shown to reduce tau phosphorylation and neuronal death (Zheng et al., 2005) . Here, we demonstrate a pivotal role of calpain and CDK5 in neuronal cell death, which appears to involve phosphorylation of tau at certain epitopes under excitotoxic conditions. Thus, it is reasonable to predict that inhibition of CDK5 holds promise in ameliorating tangle progression and subsequent neuronal death. Strategies may involve use of small-molecule inhibitors of CDK5 and enhancement of APP homeostasis.
